Clostridium (Clostridioides) difficile is a gastrointestinal pathogen that colonizes the intestinal tract of mammals and can cause severe diarrheal disease. Although C. difficile growth is confined to the intestinal tract, our understanding of the specific metabolites and host factors that are important for the growth of the bacterium is limited. In other enteric pathogens, the membrane-derived metabolite, ethanolamine (EA), is utilized as a nutrient source and can function as a signal to initiate the production of virulence factors. In this study, we investigated the effects of ethanolamine and the role of the predicted ethanolamine gene cluster (CD1907-CD1925) on C. difficile growth. Using targeted mutagenesis, we disrupted genes within the eut cluster and assessed their roles in ethanolamine utilization, and the impact of eut disruption on the outcome of infection in a hamster model of disease. Our results indicate that the eut gene cluster is required for the growth of C. difficile on ethanolamine as a primary nutrient source. Further, the inability to utilize ethanolamine resulted in greater virulence and a shorter time to morbidity in the animal model. Overall, these data suggest that ethanolamine is an important nutrient source within the host and that, in contrast to other intestinal pathogens, the metabolism of ethanolamine by C. difficile can delay the onset of disease.
Introduction
Clostridium (Clostridioides) difficile is a common nosocomial pathogen that can cause severe intestinal infections. C. difficile pathogenesis results primarily from the actions of two large exotoxins, TcdA and TcdB, that destroy host intestinal tissues (Lyerly et al., 1985; Lyras et al., 2009; Kuehne et al., 2010) . This host cell destruction is thought to liberate cell contents that provide additional nutrients to support bacterial growth. However, little is known about how cell contents and other metabolites available in the intestine impact growth, or how the diverse metabolic pathways of C. difficile contribute to colonization and virulence.
A number of overlapping regulatory factors have been identified that work to govern C. difficile toxin expression (Martin-Verstraete et al., 2016) . The uniting feature of many of these regulatory mechanisms is their connection with nutrient availability (Bouillaut et al., 2015) . It is well established that the nutritional state of C. difficile has a major effect on the regulation of toxin expression, as well as the expression of nutrient acquisition mechanisms. Several studies have demonstrated that sugars and peptides suppress C. difficile toxin expression through the activity of nutrient-responsive regulators, such as CcpA and CodY (Dupuy and Sonenshein, 1998; Dineen et al., 2007; Antunes et al., 2011) . When peptides and simple carbohydrates are depleted, the repression of toxin and nutrient acquisition mechanisms by CodY and CcpA is alleviated, and C. difficile utilizes alternative nutrients to sustain growth, though the details of this process in vivo are limited.
One particularly abundant potential nutrient in the intestine is phosphatidylethanolamine, a ubiquitous component of cell membranes that is readily hydrolyzed into ethanolamine and glycerol (Proulx and Fung, 1969; Larson et al., 1983) . Ethanolamine is a simple amino alcohol that can serve as both a carbon and nitrogen source. Ethanolamine utilization genes have been identified and characterized in several pathogenic species that can inhabit the mammalian intestinal tract, including Salmonella enterica serovar Typhimurium, Escherichia coli, Enterococcus faecalis and Listeria monocytogenes (Faust et al., 1990; Stojiljkovic et al., 1995; Price-Carter et al., 2001; Del Papa and Perego, 2008; Toledo-Arana et al., 2009; Kendall et al., 2012) .
Although the predicted 19 gene cluster for ethanolamine utilization in C. difficile was identified when the first genome sequence was revealed, the functions and roles of these genes have not been investigated (Sebaihia et al., 2006) .
As a strictly intestinal pathogen, the ability to utilize ethanolamine in the host could provide a growth advantage to C. difficile. In the current study, we examined the impact of ethanolamine and the putative ethanolamine utilization gene cluster, on the growth of C. difficile. In addition, we investigated the effect of ethanolamine metabolism on virulence in an animal model of infection. Using null mutants in the eutA and eutG genes, we demonstrate that C. difficile can utilize ethanolamine as a primary nutrient source and show that the proposed eut gene cluster is required for ethanolamine catabolism. Further, we found that the ability to utilize ethanolamine has a significant impact on the timing and intensity of disease in the hamster model of disease, indicating that ethanolamine utilization plays an important role in C. difficile pathogenesis.
Results

C. difficile metabolizes ethanolamine as a primary nutrient source
In order to determine if the predicted C. difficile eut genes can facilitate ethanolamine metabolism, we first examined the growth of epidemic and historical isolates of C. difficile (R20291 and 630Derm strains, respectively) when ethanolamine is a major nutrient source present in the growth medium (Supporting Information File S1). As shown in Fig. 1 , C. difficile strains 630Derm and R20291 grown in a minimal defined medium with only amino acids present as a carbon source were able to replicate, but the bacteria reached stationary phase at a relatively low cell density. The addition of either ethanolamine or glucose to the medium produced a biphasic growth curve and increased the final density of the bacterial cultures, as well as the time needed to achieve maximum cell density. Notably, the 630Derm strain grew faster and to higher cell density than the R20291 strain under all of the tested conditions ( Fig. 1 and Supporting Information Fig. S3 ). No apparent differences in cellular morphology were observed between strains grown in minimal medium or with the addition of ethanolamine (Supporting Information Fig. S4 ). The similar slope of logarithmic growth in minimal medium with and without added carbon sources, followed by a protracted growth phase with the addition of either glucose or ethanolamine, suggests that C. difficile most efficiently utilizes amino acids for growth. eut gene expression is induced by ethanolamine, but is repressed by glucose and decreases during stationary phase growth in the absence of ethanolamine The C. difficile genes encoding the ethanolamine utilization pathway and microcompartment structural components were first identified in the genome of strain 630 (CD1907-CD1925; Fig. 2 ) (Sebaihia et al., 2006; Pitts et al., 2012) . Although the ethanolamine genes are located on a mobile genetic element, this region is highly conserved in C. difficile genomes (> 700 genomes at the time of publication), including strains of the epidemic 027 and 078 lineages. Similar to the Enterococcus faecalis ethanolamine cluster, the 19 genes of the C. difficile cluster include 9 enzymes that are involved in ethanolamine metabolism, 6 proteins that comprise the predicted ethanolamine microcompartment, a two-component regulatory system, a transporter, and 1 gene of unknown function (Del Papa and Perego, 2008 ). An additional MarR-family transcriptional regulator is encoded downstream of the eut gene cluster in most C. difficile genomes, but this gene is not present in strain 630 ( Fig. 2A) . As the putative eut gene cluster was the most likely basis for ethanolamine metabolism, we examined the expression of the eut genes during growth with and without added ethanolamine. Expression of the predicted eut cluster genes (CD1907-CD1925) was induced in response to ethanolamine in the culture medium, and was most pronounced during stationary phase growth (Fig. 2B ). In addition, expression of the gene immediately upstream of eutG, CD1906, was marginally affected by ethanolamine (1.5-fold increase). Two other predicted ethanolamine-related genes located on different regions of the chromosome, CD0742 and CD3167, were also examined, and no change in expression was observed for either gene.
The expression analysis of the eut cluster revealed two distinct patterns of induction for these genes that suggests two polycistronic units are generated upon ethanolamine induction: a eutG-eutW transcript and a eutA-eutQ transcript (Fig. 2B) . Using cDNA generated from ethanolamine-induced cultures, we evaluated the entire eut gene cluster by performing PCR with primers designed to amplify across adjacent open reading frames to determine which genes were transcribed within the same mRNA (Supporting Information Fig. S5 ). The predicted amplification products were generated across each adjacent eut gene, with the exception of the eutW-eutA segment, which contains a predicted transcriptional terminator that was previously identified (Fox et al., 2009; Ramesh et al., 2012) . Altogether, these data demonstrate that the eut gene cluster is comprised of at least two polycistronic units, both of which are induced by ethanolamine.
In E. faecalis, eut gene transcription is subject to positive regulatory control by the EutV-EutW two-component system, which disrupts a series of transcriptional terminators in the eut operon and allows transcription to progress (Del Papa and Perego, 2008; Fox et al., 2009; Garsin, 2010) . Similar to E. faecalis, we observed basal expression of the eutG-eutQ genes during logarithmic growth in sporulation medium, in the absence of ethanolamine ( Fig. 3 ; eutA shown) (Fox et al., 2009) . But, as cultures transitioned to stationary phase in sporulation medium, expression of all eut genes sharply decreased if ethanolamine was not present in the medium (Fig. 3, eutA shown) . The drastic decline in eut gene expression indicates that transcription is repressed during stationary phase, which is consistent with the previous observation that SigF-dependent repression of eut expression occurs in early sporulation (Fimlaid et al., 2013; Saujet et al., 2013) .
Similar to the results in sporulation medium, eut gene expression increased during log-phase growth in minimal . Genes in blue encode predicted metabolic enzymes, green encode regulatory factors, yellow are predicted microcompartment structural proteins, purple encode the putative transporter and white (hyp) is of unknown function. The putative factor downstream of eutQ (R, green stripes) is a MarR-family transcriptional regulator encoded in most sequenced C. difficile isolates downstream of eutQ, but is not found in strain 630. Suspected promoters and terminators are shown as arrows and lollipops, respectively. B. qRT-PCR analysis of putative eut gene expression in strain 630Derm grown in 70:30 liquid medium with and without the addition of 15 mM ethanolamine (EA). Samples were harvested for RNA isolation 2 h after the entry into stationary phase (T 2 ). The means and standard error of the means of three biological replicates are shown. *, P 0.05 by Student's two-tailed t-test. medium containing EA (Supporting Information Fig. S6A ). Although eut genes were induced in strain 630Derm and the epidemic isolate, R20291, the relative increase in eutA and eutG expression was lower in the epidemic strain. The difference in EA-dependent growth and eut gene induction between the strains suggests that the EA-dependent induction of the eut pathway varies within the species. However, both strains demonstrated no change in eut gene expression in the presence of glucose and intermediate induction of eut genes when both glucose and EA were available (Supporting Information Fig. S6 ). The partial induction of eut genes with glucose and EA present is indicative of incomplete catabolite repression of eut gene expression. No change in tcdA or tcdB expression was observed for either strain when EA, glucose or the combination of EA and glucose were present in the medium (Supporting Information Fig. S6B ). The predicted regulator downstream of the eut operon in R20291, CDR20291_1847, also did not demonstrate differential expression in the presence of EA or glucose (Supporting Information Fig. S6C ).
Effects of eut gene disruption on ethanolamine metabolism
To determine the contribution of the predicted eut operons on ethanolamine metabolism, we generated null mutations via Targetron-based disruption of the upstream most genes of each operon: eutG, an alcohol dehydrogenase, and eutA, an ammonia lyase reactivating factor (Supporting Information Figs. S7 and S8) (Karberg et al., 2001; Chen et al., 2005; Liu et al., 2007; Moore and EscalanteSemerena, 2016 ). The resulting strains were then tested for their ability to utilize ethanolamine as a primary nutrient source, as previously described (Fig. 4) . The eutG mutant retained the ability to utilize ethanolamine as a nutrient source, as evidenced by the wild-type-like, biphasic curve profile observed during growth in ethanolamine. However, the eutA strain displayed a single exponential growth phase in minimal medium, with or without the addition of ethanolamine, presumably because it was unable to metabolize ethanolamine (Fig. 4) . Further supporting the minimal medium studies, we observed that the eutA mutant did not produce a drop in the pH of TY medium supplemented with ethanolamine after 24 h growth, in contrast to the parent strain (Table 1) . Hence, eutA is required for ethanolamine utilization, but eutG is not. We also observed that the genes downstream of eutA were not induced in the eutA mutant during growth in ethanolamine, implicating a promoter upstream of eutA in ethanolaminedependent transcription of eutA-eutQ (not shown). Altogether, the data support that the CD1907-CD1925 eut gene cluster is the primary mechanism for ethanolamine utilization in C. difficile. The products of the eutG operon are involved in multiple aspects of ethanolamine processing, including enzymatic functions (eutG and eutP), microcompartment structure (eutS) and transcriptional regulation (eutV and eutW). The absence of an ethanolamine phenotype in the eutG mutant raised the question of how disruption of eutG impacts transcription of the four downstream genes, and what the overall importance of these factors are in ethanolamine utilization. To answer these questions, we further examined the transcription of each gene in the eutG operon in the eutG null mutant. As shown in Fig. 5 , insertional disruption of eutG reduced eutG expression, relative to the parent strain. But, expression of eutS, eutP, eutV and eutW were still induced in the eutG mutant when ethanolamine was added to the medium, signifying that an additional, ethanolamine-inducible promoter element is present in the intergenic region between eutG and eutS. Thus, the eutG null mutant is deficient only for eutG expression, which has no apparent impact on the growth of C. difficile in ethanolamine (Fig. 4 ).
An inability to utilize ethanolamine leads to increased virulence in the hamster model of infection
The regulation of C. difficile toxin expression is highly integrated with nutrient availability, alternative energy metabolism, and regulators of metabolic gene expression (Yamakawa et al., 1994; Dupuy and Sonenshein, 1998; Dineen et al., 2007; Karlsson et al., 2008; Dineen et al., 2010; Antunes et al., 2011; 2012; Bouillaut et al., 2013; Dubois et al., 2016; Nawrocki et al., 2016) . Previous studies of C. difficile pathogenesis have demonstrated links between metabolism and virulence in animal models of disease, while ethanolamine metabolism is specifically associated with virulence in other enteric species (Joseph et al., 2006; Maadani et al., 2007; Thiennimitr et al., 2011; Kendall et al., 2012; Girinathan et al., 2016; Kansau et al., 2016) . To determine if ethanolamine utilization impacts virulence in C. difficile infections, we examined the effects of the eutA mutant in a hamster model of C. difficile infection (CDI). Syrian golden hamsters were infected with spores of either the 630Derm parent strain or the eutA mutant, as described in the Experimental procedures. As shown in Fig. 6A , hamsters infected with the eutA mutant succumbed to infection in less time than hamsters infected with the parent strain, and the variation in time to morbidity was significantly lower in eutA infections (630Derm, 56.0 6 39.6 h; eutA, 33.7 6 4.3; P 0.01, log rank test). Hamsters infected with the eutA mutant also lost weight . Samples for RNA isolation were collected 2 h after the transition into stationary phase (T 2 ). The means and standard error of the means for three biological replicates are shown. Gene expression of 630Derm and the eutG mutant were compared for each condition using the Student's two-tailed t-test. * indicates P 0.05. A. Kaplan-Meier survival curve representing the results from three independent experiments of Syrian golden hamsters infected with C. difficile strain 630Derm (n 5 17) or the eutA mutant (MC394; n 5 17). The mean times to morbidity were 56 6 39.6 h for 630Derm and 33.7 6 4.3 h for the eutA mutant (P 0.01, log rank test). B. Total CFU of C. difficile were enumerated from hamster caecal samples collected post-mortem. Solid lines represent the median CFU for each strain and the dotted line denotes the limit of detection (2 3 10 1 CFU ml more rapidly post-infection than 630Derm-infected animals, consistent with the rapid time to morbidity observed (data not shown). Although eutA-infected animals demonstrated symptoms and became moribund more quickly, there was no significant difference in the number of C. difficile CFU recovered post-mortem (Fig. 6B ). These results suggest that the ability to utilize ethanolamine is not necessary for growth of the bacteria in vivo, but ethanolamine metabolism does delay pathogenesis during C. difficile infection.
Ethanolamine and ethanolamine catabolism do not affect the expression of virulence factors, sporulation or germination in vitro
As mentioned, the virulence gene expression and ethanolamine utilization are correlated in other enteric pathogens, and there is evidence that ethanolamine can serve as a signal to induce pathogenesis in some species (Garsin, 2010; 2012; Kendall et al., 2012) . In view of the increased virulence observed with the eutA mutant, we investigated the effects of ethanolamine and the ability to utilize ethanolamine on genes associated with pathogenesis. Transcriptional analyses of the major toxins, tcdA and tcdB, revealed no change in toxin expression for C. difficile grown in ethanolamine in the eutA mutant or the parent strain in vitro ( Fig. 7A and B) . Likewise, no difference in TcdA protein levels was observed for strains grown in TY medium (Supporting Information Fig. S9 ). We also examined transcription of the major type IV pilin, pilA1, and the flagellar subunit, fliC, which are involved in swarming and swimming motility, respectively (Purcell et al., 2012; . C. difficile flagella and pilin are detected by the innate immune system and can elicit a response that may impact pathogen clearance or virulence (Pechine et al., 2005; Yoshino et al., 2013; Maldarelli et al., 2014; Batah Fig. 7 . Ethanolamine metabolism does not impact expression of known virulence factors in vitro. qRT-PCR analysis of (A) tcdA, (B) tcdB, (C) pilA1 and (D) fliC expression in 630Derm and the eutA mutant (MC394) grown in 70:30 broth with and without the addition of 15 mM EA. Samples for RNA isolation were collected during logarithmic growth (Log, OD 600 of 0.5) and 4 h after the transition into stationary phase (T4, late stationary). The means and standard error of the means of four biological replicates are shown. Gene expression of 630Derm and the eutA mutant were compared at each timepoint and condition using the Student's two-tailed t-test. * indicates P 0.05 (no significant differences were observed).
et al., 2016; Ghose et al., 2016; Pechine and Collignon, 2016) . Additionally, a connection between ethanolamine and pilin expression has been reported in Escherichia coli O157:H7 (Gonyar et al., 2014) . Neither pilA1 nor fliC expression were impacted by the presence or ability to catabolize ethanolamine ( Fig. 7C and D) . These data indicate that ethanolamine itself does not induce these common virulence factors in vitro and that the inability to utilize ethanolamine has no direct impact on the expression of the examined virulence genes. Nutrient deprivation and regulation of nutritional responses have also been connected to early entry into the sporulation pathway and increased sporulation frequency for C. difficile (Dineen et al., 2010; Saujet et al., 2011; Antunes et al., 2012; Nawrocki et al., 2016) . To determine if ethanolamine or ethanolamine utilization influence sporulation, we assessed sporulation frequency and sporulationspecific gene expression in the eutA mutant and parent strain grown in sporulation medium, with and without ethanolamine. No significant differences were observed in spore formation, sporulation frequency, or transcription of early sporulation genes for the mutant or parent strain grown in 15 mM ethanolamine (Supporting Information  Fig. S10 ). Increasing the concentration of ethanolamine to 30 mM also had no effect on sporulation outcomes (data not shown). Moreover, the eutA and eutG mutant spores had no observable germination defect in vitro (Supporting Information Fig. S11 ). Altogether, these results suggest that ethanolamine does not feed into the nutritional regulatory pathways that influence sporulation in C. difficile.
Discussion
Ethanolamine is an abundant membrane-derived compound present in the mammalian intestinal tract (Dowhan, 1997; Vance, 2008) . Ethanolamine catabolism provides niche-specific growth advantages to select enteric bacteria, providing these species with an additional source of carbon and nitrogen, as well as extra energy generating potential in the intestinal environment. The ability to utilize ethanolamine has been shown to provide a nutritional growth advantage to other enteric pathogens, and in some cases, ethanolamine amplifies pathogenic phenotypes by inducing the expression of virulence genes (Joseph et al., 2006; Del Papa and Perego, 2008; Srikumar and Fuchs, 2011; Kendall et al., 2012; Luzader et al., 2013; Anderson et al., 2015) . Prior analyses of C. difficile gene expression during animal infections indicated that the ethanolamine utilization gene cluster is induced in vivo, but the effects of ethanolamine on growth and virulence were not known (Janoir et al., 2013) . In the current work, we demonstrate that the predicted ethanolamine utilization gene cluster is necessary for ethanolamine utilization and this ability has a significant impact on the virulence of C. difficile in an animal model of infection.
As anticipated from the identification of the eut gene homologs on the chromosome and previous assessments of in vivo transcription and metabolic phenotyping, we demonstrated that C. difficile can utilize ethanolamine as a primary nutrient source (Sebaihia et al., 2006; Janoir et al., 2013; Scaria et al., 2014; Theriot and Young, 2014) . The addition of ethanolamine to minimal medium supported additional growth and increased cell density, indicating that ethanolamine is catabolized (Fig. 1) . The expression of eut genes when glucose is present also suggests that eut gene expression can overcome catabolite repression. We also observed that C. difficile grew surprisingly well in base minimal medium with only amino acids as the primary nutrient source. This rapid, peptide-fuelled growth was followed by a more protracted growth phase when glucose or ethanolamine were supplemented in the medium, suggesting that C. difficile preferentially catabolizes amino acids over sugars and ethanolamine. If C. difficile also prefers to metabolize amino acids over other carbon sources in vivo, the abundant peptide sources in the intestine could promote the rapid expansion of the population in the intestine (Smith and Macfarlane, 1998) . Once the bulk of intestinal peptides are limiting, this dramatic population growth would presumably give way to a slower growth phase with a large population of bacteria to support, and less desired nutrient sources available. Unfortunately, it is difficult to definitively verify whether amino acids are the preferred nutrient source because C. difficile is auxotrophic for many amino acids and therefore, cannot grow without amino acid supplementation (Karasawa et al., 1995) . But, it is clear that C. difficile encodes a remarkable repertoire of metabolic capabilities and can readily utilize other intestinal metabolites to generate energy, including a variety of carbohydrates (glucose, lactose, fructose, succinate, sucrose, lactose, trehalose, mannose, cellobiose, galactitol, tagatose, raffinose, stachyose, sorbitol, N-acetylglucosamine and sialic acid), peptides and amino acids via Stickland fermentation, and may even be capable of generating energy by fixation of CO 2 (Wilson and Perini, 1988; Karlsson et al., 2000; Jackson et al., 2006; Antunes et al., 2012; Bouillaut et al., 2013; Kopke et al., 2013; Ferreyra et al., 2014; Larocque et al., 2014; Theriot and Young, 2015; Kansau et al., 2016) .
Despite the large variety of energy sources that C. difficile can utilize, the importance of individual nutrient sources during infection is not well understood. Based on data from other enteric pathogens, we hypothesized that ethanolamine metabolism would be important for the growth of C. difficile in vivo and therefore, the ethanolamine mutant would be less fit for growth in the host than the parent strain (Stojiljkovic et al., 1995; Joseph et al., 2006; Maadani et al., 2007; Luzader et al., 2013; Anderson et al., Ethanolamine utilization in Clostridium difficile 1425 2015). Instead, the eutA mutant readily colonized hamsters, achieved equivalent cell densities, and caused more rapid morbidity than animals infected with the parent strain, 630Derm. These findings suggested that ethanolamine utilization by C. difficile might delay the onset of virulence by postponing toxin expression, which is the main driver of symptoms and morbidity. Given the established links between nutrient availability and toxin expression in C. difficile, we further examined this phenomenon in vitro by assessing toxin gene transcription when ethanolamine was added to the growth medium (Fig. 7) . We observed no change in tcdA or tcdB transcription or protein production, suggesting that unlike other nutrients, there is no clear link between ethanolamine utilization and the regulation of toxin expression. In addition, ethanolamine supplementation did not impact sporulation frequency or motility gene regulation, as other nutrient sources do (Antunes et al., 2011; 2012; El Meouche et al., 2013; McKee et al., 2013; 2016a; Nawrocki et al., 2016) . The lack of ethanolamine influence on both sporulation and toxin expression strongly suggest that the major global nutritional regulators of sporulation, CodY and CcpA, do not respond directly or indirectly to ethanolamine. The increased virulence of the eutA mutant may be due to an overall lower nutrient availability in vivo, leading to earlier activation of toxin gene expression and virulence, but more work is needed to understand how ethanolamine specifically impacts C. difficile in the host.
It was anticipated that eutA and the downstream eut gene products would be required for ethanolamine metabolism, which was validated by growth assessments with ethanolamine (Fig. 4) . Less evident was the dispensability of EutG, which was not needed for the growth of C. difficile in ethanolamine. EutG is a predicted alcohol dehydrogenase that is involved in the enzymatic conversion of acetaldehyde to ethanol and is important for growth in ethanolamine for other species (Stojiljkovic et al., 1995) . The acetaldehyde generated by the initial steps of ethanolamine metabolism is highly toxic to cells and must be detoxified, though the alternative pathway involving the EutE aldehyde dehydrogenase and the EutD phosphotransacetylase is still available in the eutG mutant for acetaldehyde disposal. The EutE-EutD path generates acetylphosphate, which could then be used to generate acetate, or shunted to either the TCA cycle or biosynthetic pathways (Stojiljkovic et al., 1995; Brinsmade et al., 2005; Garsin, 2010) . Additionally, C. difficile strain 630 encodes another five predicted alcohol dehydrogenases that could potentially compensate for the loss of EutG: CD0274, CD0334, CD2966, CD3006 and CD3105. However, the expression and functions of these factors in ethanolamine metabolism have not been investigated.
As observed in other species that encode extensive ethanolamine utilization mechanisms, the entire C. difficile eut gene cluster is induced when ethanolamine is present (Del Papa and Perego, 2008; Garsin, 2010; Anderson et al., 2015) . eut gene induction in C. difficile is predicted to be controlled by the EutV-EutW two-component system, which was characterized previously in E. faecalis (Del Papa and Perego, 2008; Fox et al., 2009) . In E. faecalis, EutW acts as the ethanolamine sensor histidine kinase that acts on the RNA-binding response regulator, EutV (Fox et al., 2009) . Many Gram-negative species encode a positive regulator, EutR, an AraC-like DNA-binding protein that is needed for activation of eut gene expression (Tsoy et al., 2009 ). Although C. difficile encodes eutV-eutW and not the prototype Gram-negative EutR regulator, most C. difficile strains do encode a MarR-family regulator downstream from the eut gene cluster (CDR20291_1847 in strain R20291; Fig. 2A ). However, this MarR-family regulator is not present in the 630 genome. No changes in expression of this regulator were observed in the R20291 strain under any of the conditions tested (Fig. 6C) . Further studies would be needed to determine if this putative regulator contributes to the differences in ethanolaminedependent growth and gene expression observed in these strains.
The data also demonstrated that the eut genes were constitutively expressed at low levels in MMM during logarithmic phase, and subsequently repressed as cells entered stationary phase growth (Fig. 3) . This repression is consistent with the previous observation that the early sporulation sigma factor, SigF, represses eut gene expression in C. difficile (Saujet et al., 2013) . Since SigF is a transcriptional activator, SigF-dependent repression of the eut genes is likely indirect. This stationary phase repression was overcome when ethanolamine was present (Fig.  3) , but no ethanolamine-dependent changes in spore formation or germination were observed (Supporting Information Figs. S10 and S11). Stationary phase repression of ethanolamine genes has also been observed in E. faecalis, wherein the FsrABC quorum sensing regulatory system represses eut expression in post-exponential phase cells (Bourgogne et al., 2006) . Sequenced C. difficile genomes do not encode apparent FsrABC proteins, but similar Agr-like systems have been identified in some strains (Martin et al., 2013) . However, examination of transcription in an agrA mutant of strain R20291 did not uncover an impact of the Agr system on eut gene expression (Martin et al., 2013) .
These results demonstrate both the function of the ethanolamine gene cluster and the importance of ethanolamine utilization on pathogenesis in an animal model of infection. Complementation studies or in frame deletions of individual ethanolamine utilization genes and regulators could help to clarify the precise regulatory mechanisms and functions of these factors, which we were unable to attain. Further study is needed to determine the precise regulatory mechanisms that govern eut gene expression in C. difficile, in particular to understand what function, if any, the putative MarR-like regulator plays in this process. Moreover, understanding the roles of individual metabolites, such as ethanolamine, in CDI, could help inform ways to circumvent pathogenesis and potentially guide treatment strategies for the prevention of fulminant disease. Table 2 provides a list of the strains and plasmids used in this study. C. difficile strains were cultured in an anaerobic chamber (Coy Laboratory Products) at 378C with an atmosphere of 10% H 2 , 5% CO 2 and 85% N 2 , as previously described (Bouillaut et al., 2011; Edwards et al., 2013) . C. difficile strains were routinely cultured in brain heart infusion-supplemented (BHIS) broth and agar plates (Smith et al., 1981) or TY medium (adjusted to pH 7.4 prior to autoclaving) (Garnier and Cole, 1986) . About 2-10 mg of thiamphenicol ml
Experimental procedures
Bacterial strains and growth conditions
21
, or 5 mg of erythromycin ml 21 (Sigma-Aldrich) was used to supplement BHIS medium, as needed. Escherichia coli strains were cultured at 378C in LB medium supplemented with 20 mg chloramphenicol ml 21 and 100 mg ampicillin ml
. Following conjugations, 50 mg kanamycin ml 21 was used to counter-select against E. coli (Purcell et al., 2012) . To induce the germination of C. difficile spores, BHIS medium was supplemented with 0.1% taurocholate (Sigma-Aldrich) (Sorg and Sonenshein, 2008) . D-fructose (0.2%) was added to overnight cultures to prevent sporulation, as needed . Minimal medium growth curves were performed using a modified minimal medium (MMM) based on previously described complete defined media (Karlsson et al., 1999; Cartman et al., 2012) . This modified minimal medium contained lower final concentrations of amino acids and D-glucose than that used by Cartman et al. (Supporting Information File S1 ). The base salts and amino acids of the minimal medium were supplemented with 5 mM D-glucose and/or 15 mM ethanolamine hydrochloride or liquid ethanolamine (Sigma-Aldrich), as noted. Growth curves in modified minimal medium (MMM) were performed as follows: log-phase cultures were grown to an OD 600 of approximately 0.6 and back-diluted six-fold to an OD 600 of 0.1; the resulting dilution (OD 600 0.1) was then used to inoculate minimal medium at a further 1:10 dilution (2.5 ml into 22.5 ml of MMM). A minimum of three biological replicates were performed for each growth curve shown. The pH of cultures and solutions was measured as previously described (Edwards et al., 2016b) .
Cloning and strain construction
Oligonucleotides used in this study are listed in Table 3 . Construction details of plasmids used in this study can be found in Supporting Information File S2. 630 genomic sequence (NC_009089.1) was used for primer design and null mutations were generated in 630Derm using a Targetron-based intron, as previously described (McBride and Sonenshein, 2011a; Purcell et al., 2012) . C. difficile colonies were screened by PCR to verify intron insertion into the target gene. C. difficile DNA was isolated as described previously (Harju et al., 2004; Edwards et al., 2016a) . Plasmids and cloned sequences were verified by standard sequencing (Eurofins MWG Operon).
Conjugations of pMC263 and pMC266 into C. difficile strain 630Derm were performed as previously described (McBride and Sonenshein, 2011a) . Given the very large eut genomic cluster ( 17 kB), standard complementation of the Targetronbased mutant was unattainable in our hands. In lieu of complementation, whole-genome resequencing of the eutA mutant was performed to verify that the eutA phenotype was a direct result of the insertional mutation, and not unintended second-site mutations (detailed below).
Single-nucleotide polymorphisms (SNP) analysis
MC394 (eutA::ermB) and its parent strain, 630Derm, underwent SNP analysis to determine if any changes occurred in the eutA mutant other than the intended insertional disruption. Sample preparation and analyses were performed by the Yerkes Nonhuman Primate Genomics Core (Emory University). Libraries were generated from genomic DNA using the Illumina NexteraXT DNA kit, and dual barcoding and sequencing primers were used according to the manufacturer protocol. Libraries were validated by microelectrophoresis on an Agilent 2100 Bioanalyzer, quantified, pooled, and clustered on an Illumina miSeq V3 flowcell. The clustered flowcell was sequenced on an Illumina miSeq in 275-base paired-read reactions. Per sample reads were mapped to the C. difficile 630 reference genome (GenBank no. AM180355). CLC Genomics Workbench v9.0 was used for all variant analysis, as previously described (Childress et al., 2016) . No nucleotide changes were observed between the mutant and parent strain genomes.
RNA isolation and quantitative reverse transcription PCR analysis (qRT-PCR)
qRT-PCR was performed as described previously with minor modifications . C. difficile cultures were started in BHIS broth supplemented with 0.1% taurocholate and 0.2% fructose until they reached mid-logarithmic growth (OD 600 of 0.5). Cultures were then diluted 1:10 into 70:30 broth (70% SMC, 30% BHIS medium) , with and without the addition of 15 mM ethanolamine hydrochloride (Sigma-Aldrich). Samples for RNA were collected at logarithmic growth (OD 600 of 0.5), mid-stationary phase (2 h after reaching an OD 600 of 1.0, T 2 ), and at late stationary phase (4 h after reaching an OD 600 of 1.0, T 4 ). Samples for RNA isolation were diluted in 1:1 acetone:ethanol and stored at 2808C. RNA isolation was performed as previously described (Dineen et al., 2010; McBride and Sonenshein, 2011a) . Samples were treated with the Ambion DNAse Turbo Kit to remove contaminating genomic DNA, and cDNA synthesis was performed using a Bioline Tetro cDNA synthesis kit. qRT-PCR was performed with 50 ng of cDNA as template, using the Bioline Sensi-Fast SYBR and Fluroescein kit on a Roche LightCycler 96. qRT-PCR reactions were performed in technical triplicates and reactions containing no reverse transcriptase were included as negative controls. The PrimerQuest tool provided by Integrated DNA Technologies was used to generate qRT-PCR primers. The primer efficiencies for each primer set were determined using genomic DNA standards. qRT-PCR results were calculated by the comparative cycle threshold method (Schmittgen and Livak, 2008) , with the expression of the amplified transcript being normalized to the internal control transcript, rpoC. A minimum of (Purcell et al., 2016) Ethanolamine utilization in Clostridium difficile 1429 three biological replicates were performed and analyzed for each experimental set.
Hamster studies
Hamster studies were conducted as previously described with minor modifications . Male and female Syrian golden hamsters (Mesocricetus auratus) weighing between 70 and 110 g were purchased from Charles River Laboratories. Hamsters were kept in an animal biosafety level 2 room within the Emory University Division of Animal Resources. Hamsters were housed individually with sterile rodent pellets and sterile water provided ad libitum. Hamsters were orally gavaged with clindamycin (30 mg/kg) to induce susceptibility to C. difficile 7 days prior to inoculation (Day 7). Hamsters were inoculated by oral gavage with 5000 spores of 630Derm or MC394 (eutA::ermB) (Day 0). Hamsters treated with clindamycin, but not inoculated with C. difficile spores, served as negative controls. Spores were prepared as previously described Edwards and McBride, 2016; Woods et al., 2016) . Following inoculation, hamsters were monitored for signs of disease, such as diarrhoea or wet tail, weight loss and lethargy. Hamsters were weighed and faecal pellets were collected once daily, if possible. Hamsters were considered moribund if they lost 15% of their body weight and/or exhibited severe disease symptoms. Hamsters meeting these criteria were euthanized in accordance with the American Veterinary Medical Association guidelines. Caecal contents were collected from animals post-mortem. Faecal and caecal contents were diluted in 1X PBS and plated onto taurocholate cycloserine cefoxitin fructose agar (TCCFA) plates to determine the number of C. difficile CFU (George et al., 1979; Wilson et al., 1981) . Inoculated TCCFA plates were incubated anaerobically for 48 h prior to CFU enumeration. Caecal content enumerations were analyzed using the Student's two-tailed t test and animal survival data were analyzed using the log rank test. Three independent hamster experiments were conducted with cohorts of 5-6 hamsters per C. difficile strain; a total of 17 hamsters per strain were used.
Western blots and pH assessment
Clostridium difficile strains were grown in BHIS medium containing 0.2% fructose and 0.1% taurocholate, as previously described. Cultures were diluted into BHIS medium and grown OD 600 of 0.5, then diluted 1:10 into TY medium with or without 15 mM ethanolamine, and grown for 24 h at 378C. Cells were harvested by centrifugation, resuspended in SDS-PAGE loading buffer (without dye) and mechanically disrupted as previously described (Edwards et al., 2016a; Nawrocki et al., 2016) . The pH of the cultures were also measured at the time of harvest, as previously described (Edwards et al., 2016b) . Protein concentrations were assessed using a micro BCA assay (Thermo Scientific) and 8 mg of whole cell protein loaded onto a 12% polyacrylamide gel. Proteins were subsequently transferred from the SDS-PAGE gel onto nitrocellulose membranes (0.45 mM; Bio-Rad), and probed with mouse anti-TcdA antibody (Novus Biologicals). Membranes were then washed and probed with goat anti-mouse secondary Alexa Fluor 488 antibody (Life Technologies). Imaging and densitometry analyses were performed using a Bio-Rad ChemiDoc MP and Image Lab Software (Bio-Rad). Three biological replicates were analyzed for each strain and condition. Statistical analyses of the data were performed using a one-way ANOVA.
Phase contrast microscopy and direct count sporulation frequency
Samples for phase contrast microscopy were prepared as previously described Edwards and McBride, 2017) . Briefly, samples were taken from 70:30 agar plates, resuspended in BHIS broth, and pipetted on to a 0.7% agarose pad on a glass slide. Micrographs were taken with a DS-Fi2 camera on a Nikon Eclipse Ci-L microscope with an 3100 Ph3 oil-immersion objective. Direct count sporulation frequency was performed as previously described (Edwards et al., 2016a; Edwards and McBride, 2017) . A minimum of 1000 cells were counted per strain and condition. Sporulation frequency was calculated by dividing the number of spores by the total number of cells present (spores and vegetative cells). MC310 (spo0A::ermB), a sporulation-defective mutant, was used as a negative control . The mean sporulation frequencies and standard deviations were calculated from four independent experiments. Phase contrast sporulation frequency data were analyzed using a two-way repeated measures ANOVA.
Germination assays
Clostridium difficile strains were grown on 70:30 sporulation agar and spores purified for germination studies as previously described, with some modifications . Cultures on sporulation agar were removed from the anaerobic chamber after a minimum of 48 h of anaerobic growth and kept outside of the chamber in atmospheric oxygen overnight. Spore cultures were then scraped from the plates, resuspended in water, and frozen briefly at 2808C. After thawing, spore suspensions were centrifuged for 15 min at 3200g in a swing bucket rotor, and the supernatant discarded. Spore pellets were then resuspended in 1 ml of a 13 PBS 1 1% BSA solution, applied to a 12 ml 50% sucrose bed volume, and centrifuged at 3200g for 20 min. The supernatant was then decanted and the spores were checked by phasecontrast microscopy for purity. Sucrose gradients were repeated until the preparations reached a purity of greater than 95%. Spore pellets were then washed three times with 13 PBS 1 1% BSA and resuspended to an OD 600 5 3.0. Germination assays were carried out as previously described (Sorg and Sonenshein, 2008; .
Accession numbers
Clostridium difficile strain 630, GenBank accession NC_009089.1; strain R20291, GenBank accession NC_0133161.1.
Statistical analysis
Statistical analyses were performed using Excel and GraphPad Prism version 7.0 for Windows.
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: File S1. Recipe for modified minimal medium. File S2. Vector construction. Fig. S3 . Colony forming units (CFU/ml) of C. difficile strains grown in MMM. CFU of strains 630Derm and R20291 after 12 h of growth in modified minimal medium (MMM) or MMM supplemented with 15 mM ethanolamine (EA), and/or 5 mM D-glucose. CFU/ml for each condition was compared with the same strain grown in MMM without supplementation. Averages and standard error of the mean for a minimum of three biological replicates is shown. ** P 0.001 by one-way ANOVA and Dunnett's test for multiple comparisons. Fig. S4 . Cellular morphology of C. difficile grown in MMM. Phase contrast micrographs of C. difficile strains R20291, 630Derm, MC394 (eutA) and MC346 (eutG) after 12 h of growth in modified minimal medium (MMM) or MMM supplemented with 15 mM ethanolamine (EA). Fig. S5 . Analysis of transcriptional units within the eut gene cluster. Transcriptional units were examined by PCR using primers designed to generate a product if adjacent eut open reading frames are present on the same transcript.
PCRs were performed using the primer pairs listed below to generate the predicted products listed in the column on the right. Templates for each primer pair were as follows: (1) 630Derm genomic DNA (positive control), (2) mock cDNA reaction without reverse transcriptase (negative control) and (3) cDNA generated from C. difficile grown with ethanolamine. RNA was isolated from C. difficile strain 630Derm grown in 70:30 broth containing 15 mM ethanolamine, and used to generate cDNA from random primers as described in the Experimental procedures. Primer pairs: eutG-S, oMC655/856; eutS-V, oMC855/662; eutV-W, oMC661/664; eutW-A, oMC663/658; eutA-B, oMC657/660; eutB-C, oMC659-860; eutC-L, oMC859/862; eutL-M, oMC861/864; eutM-E, oMC863/866; eutE-K, oMC865/868; eutK-T, oMC867/870; eutT-pduL, oMC869/872; pduL-CD1921 (hyp), oMC871/874; CD1921(hyp)-pduT, oMC873/878; pduT-eutH, oMC877-880; eutH-Q, oMC879/882. *This product was sequenced and was a non-specific artefact. Suspected promoters and terminators are shown as arrows and lollipops, respectively. Liquid ethanolamine was used in this experiment, though the same results were obtained using ethanolamine hydrochloride (not shown). The New England Biolabs (NEB) 1 kb and 100 bp ladders are shown. Fig. S6 . Gene expression in C. difficile strains grown in MMM with and without supplementation. Strains 630Derm and R20291 were grown in Modified Minimal Medium (MMM), MMM containing 15 mM ethanolamine (EA), MMM containing 5 mM D-glucose, or MMM with 5 mM D-glucose and 15 mM EA. Samples for RNA isolation were collected during logarithmic growth (condition-dependent, OD 600 of 0.06-0.15). qRT-PCR analysis was performed to assess the relative expression of (A) eutA and eutG, (B) tcdA and tcdB or (C) the putative regulator, CDR20291_1847. Expression is shown relative to the same strain grown in MMM without supplementation. The means and standard error of the means for a minimum of three biological replicates are shown. Statistical significance was assessed by one-way ANOVA and Dunnett's test for multiple comparisons. ** P 0.001 File S7. Predicted functions of Eut proteins. Fig. S8 . PCR confirmation of insertional disruption of eutA and eutG. PCR amplification across the regions of intron insertion for MC394 (eutA::erm; primers oMC715/oMC716) and MC346 (eutG::erm; oMC717/oMC718). Fig. S9 . Western blot analysis of TcdA in strain 630Derm and eutA (MC394). Strains were grown 24 h in TY medium 6 15 mM ethanolamine (EA). Representative images of strains from the same gel and blot are shown. No statistically significant differences were observed between strains or conditions by one-way ANOVA analysis. Fig. S10 . Ethanolamine utilization does not impact sporulation frequency. A. qRT-PCR analysis of the sporulation-specific sigma factor, sigE, in 630Derm and the eutA mutant (MC394) grown in 70:30 liquid sporulation medium with and without 15 mM ethanolamine (EA). Samples for RNA isolation were collected during logarithmic growth (Log, OD 600 of 0.5) and 4 h after the transition into stationary phase (T 4 , late stationary). The means and standard error of the means of four biological replicates are shown. Gene expression of 630Derm and the eutA mutant were compared at each timepoint and condition using the Student's two-tailed t-test. *indicates P 0.05 (no statistically significant differences were observed). B. Phase contrast microscopy was performed on 630Derm and the eutA strain (MC394), grown for 24 h on 70:30 sporulation agar with or without 15 mM EA. A representative image is shown for each strain and condition. Arrowheads indicate phase-bright spores. Sporulation frequency was determined by direct count (see Experimental procedures). The means and standard deviations of four biological replicates are shown. Sporulation frequencies of 630Derm and the eutA mutant grown with and without EA were compared using a two-way ANOVA (no statistically significant differences were observed). Fig. S11 . Germination rate is not impacted in ethanolamine pathway mutants. Spores of strains 630Derm, MC394
(eutA) and MC346 (eutG) were purified and heat activated prior to germination assessments, as described in the Experimental procedures. Spores were suspended in BHIS broth to a starting OD 600 of approximately 0.3. The C. difficile germinant, taurocholate was added to a final concentration of 5 mM, as indicated and the optical density of spore samples were assessed every 2 min for 30 min. The ratio of the OD 600 measurement at each timepoint (T x ) were plotted against the density observed at T 0 . Results are represented as the mean and standard deviations for three independent biological replicates. No statistically significant differences in germination were detected by one-way ANOVA analysis.
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